The energy dependence of the relaxation of photoexcited electrons in copper was measured using femtosecond time-resolved photoemission spectroscopy to within 0.3 eV above the Fermi level. By performing lifetime measurements under different surface conditions, several surface dynamical processes were investigated. In particular, an anomalous long lifetime feature, which cannot be explained with Fermi-liquid theory, was observed in the lifetime-energy curve. This feature was found originating from the photoexcitation of the strongly localized Cu 3d electrons. ͓S0163-1829͑97͒01227-7͔
The transient behavior of excited electrons at or near metal surfaces is fundamental to many important surface processes, such as chemical reactions, transport, and surface phase transitions. The advent of ultrafast laser makes it possible to time-resolve these dynamical processes, and the measurement techniques based on ultrashort laser pulses become now the most powerful tools in elucidating such ultrafast dynamics. In contrast to optical measurements of transmission and reflection that rely on the dynamic changes in macroscopic optical constants, time-resolved two-photon photoemission ͑TR-TPPE͒ provides a direct measurement of the temporal evolution of the photoexcited electron distribution. The lifetimes of the nϭ1 and nϭ2 image states for Ag͑100͒ has been determined by TR-TPPE to be 25Ϯ10 and 180Ϯ20 fs. 1, 2 Time-resolved photoemission measurements have shown that the thermalization of the hot electrons to a Fermi distribution occurs on a time scale comparable to the electron-phonon relaxation time (ϳ1 ps). 3 Several recent studies of the energy dependence of photoexcited electron relaxation in metals were reported. [4] [5] [6] [7] However, there still exist some discrepancies in the results.
Here, we report femtosecond time-resolved photoemission studies of electron dynamics in Cu͑100͒. Alkali metals ͑Cs and K͒ were used to lower the surface work function, which enables us to probe low excitation states, less than 0.3 eV above E F , with photon energies smaller than the intrinsic surface work function. It is found that the relaxation of the lower excited states ͑less than 1 eV above Fermi level͒ is not a simple exponential decay but includes the effects due to the repopulation from the relaxation of the higher excited states. A fitting routine incorporating this cascade process was used to extract the lifetimes of these states. The results show that the measured energy dependent relaxation cannot be fitted well by the Fermi-liquid theory ͑FLT͒. In particular, an anomalous long lifetime feature that is associated with the creation of Cu 3d holes was observed, and we interpreted as a transient exciton resonant state formed by strongly localized d holes and excited electrons.
The laser system used in the experiment is a self-modelocked Ti:sapphire laser pumped by a cw Ar ϩ laser. It produces 40 fs pulses with a pulse energy of 10 nJ at a repetition rate of 82 MHz. The laser wavelength can be tuned from 730 ͑1.70 eV͒ to 850 nm ͑1.46 eV͒. Both the fundamental and frequency-doubled beams, which are obtained with a 250-m-thick beta barium borate doubling crystal, are used in lifetime measurements employing the one color pump/probe protocols. In both cases, the laser pulse is first split by a nonpolarizing equal-intensity beam splitter. After one beam is sent through a variable delay line, the two beams are focused and realigned to have both spatial and temporal overlap on the sample surface. The spot size on the surface is estimated to be about 150 m and the polarization of the pump and probe beams can be adjusted independently by using half wave plates. The photoelectrons were detected by an angle-integrated hemispherical energy analyzer with resolution of 0.1 eV at 10 eV transmission energy. A Ϫ10-V bias was applied between the sample and energy analyzer to reduce the effects of stray fields, and a normal emission geometry was used.
The laser pulse energy was kept very low, at about 0.5 nJ/pulse, and on the average less than one electron per pulse was photoemitted. This low-pulse-energy and highreparation-rate measurement provides high sensitivity and a more reliable detection by eliminating the ambiguities that might arise in a highly excited electron distribution, thermionic emission, or space-charge effects. The time resolution is laser-pulse-width limited, and a 50 fs pulse width and 10 fs time resolution were achieved with a pair of external prisms PHYSICAL REVIEW B 15 JULY 1997-I VOLUME 56, NUMBER 3 56 0163-1829/97/56͑3͒/1099͑4͒/$10.00 1099 © 1997 The American Physical Society to compensate for the pulse broadening resulting from the positive group velocity dispersion 8 after the beam propagating through the subsequent optical elements after the doubling crystal.
The Cu͑100͒ surface was cleaned by cycles of Ar ϩ sputtering at 1 keV and subsequent annealing at 850 K inside an ultrahigh vacuum chamber with a base pressure of 5 ϫ10 Ϫ11 torr. After each treatment, the surface quality was checked with both x-ray photoelectron spectroscopy ͑XPS͒ and reflection high-energy electron diffraction until an atomically clean and well-ordered surface was obtained. Then the surface was dosed with alkali metals ͑Cs or K͒ to reduce the sample work function. The final alkali-metal coverage is estimated to be less than 0.1 ML by measuring the work-function change 9,10 and the XPS peak intensity calculation. 11 After the alkali-metal deposition, the lowest excited state that can be probed with frequency-doubled pulses is usually within 0.3 eV above the Fermi level.
A two-photon photoemission spectrum from a Cs covered Cu͑100͒ surface obtained with 3.38 eV photons is shown in Fig. 1͑a͒ . The flat part in the high-energy side is the twophoton photoemission from Cu 4s electrons, and the peak is from Cu 3d electrons with its rising edge at about 2.0 eV below E F . Lifetime measurements are carried out by conducting pump-probe measurements at each fixed kinetic energy (E K ) throughout the two-photon photoemission spectrum. The corresponding energies of the intermediate states (E i ) are then determined by assigning the Fermi edge in the two-photon photoemission spectrum (E KMAX ) as the highest excited intermediate state, with one-photon energy above the E F , i.e., E i ϭE K ϪE KMAX ϩE F ϩh. In Fig. 1͑b͒ we present three pump-probe scans taken at the highest energy accessible, an intermediate energy, and at the lowest energy accessible ͑3.3 eV, 0.8 eV, and 0.3 eV above E F , respectively͒. Each curve was obtained with the polarizations of the pump and the probe beams perpendicular to each other in order to eliminate the coherence peak. 12 In our experiments, the hot-electron density generated by the absorption of a laser pulse ͑with 50 fs pulse width, 0.5 nJ/pulse energy, 150 m spot size, and skin depth 17 nm for a 3.3 eV photon͒ is estimated to be ϳ10 18 electrons/cm 3 , which is much smaller than that of the conduction-band electrons in copper (8.47ϫ10 22 electrons/cm 3 ). 13 Under this low-excitation condition, the excited electrons relax mainly through scattering with cold conduction-band electrons. Theoretical calculation of this energy-dependent relaxation process is provided by Landau's FLT, [13] [14] and the lifetimes eϪe are given by eϪe ϭa(E i ϪE F ) Ϫ2 ͑in femtoseconds͒, where the energy is in electron volts, and a is a function of E F and the density of conduction-band electrons. The calculated value of a by using the jellium model and the Lindhard dielectric function is given by Quinn 15 as 24.01 fs eV 2 for copper. On the average, electrons will lose half of their energies after each scattering through exciting electrons from below E F into the unoccupied states above it. Consequently, secondary electrons generated from these scattering processes will populate states with energies EϪE F Ͻh. The time evolution of the electron distribution is, therefore, not only determined by the decay of the initial photoexcited electron population but also by the repopulation process from the secondary electrons.
The dynamics of these excited states can be adequately modeled with a simple kinetic process with a one rate constant describing the population flowing into a state and another one out of it, in the scheme A→B→C, where state B is being monitored. The population of state B with energy E i is 16 
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where A 0 and B 0 are the initial populations of state A and B, 1 and 2 refer to the time constants of electron relaxation 5 , where 1 is the one standard deviation generated in the fitting and 2 is the estimated experimental error.
into and out of the intermediate state B, and h is the maximum energy of the distribution populated by the excitation pulse. Since the variation of the density of states from onephoton to two-photon energy above E F is small in copper, the initial population distribution A 0 (E) is approximated by the energy spectrum taken at time zero. The lifetime of state B, 2 , is optimized in a nonlinear least-squares fit of data to Eq. ͑1͒. In the fitting, Eq. ͑1͒ is also convoluted with the Gaussian autocorrelation function to take account for the finite laser-pulse width. To determine the lifetimes for a set of data, the optimization proceeds from the highest to the lowest energy, since the distribution 1 (E) ͑which is fitted by a polynomial͒ that describes the population flowing into lower energy levels needs to be constructed from the higher energy levels. The assumptions of this analysis is that a higher energy state E relaxes to any lower state weighted by the initial population distribution and repopulates all the states below it with the same probability through the weighting factor 1/(EϪE F ). The fitting results for the three pump-probe curves taken with cross-polarized laser beams are shown in Fig. 1͑b͒ . It is seen that this model gives satisfactory fitting results.
The results of excited electron lifetimes as a function of their energies above the Fermi level for Cu͑100͒ is summarized in Fig. 2 . The FLT prediction is also plotted in Fig. 2͑b͒ for comparison. As one can see, the low-excited electrons very close to the Fermi level possess much longer lifetimes than those electrons high above the Fermi level. For higher photon energies ͑hϭ3.29 and 3.38 eV͒, the excited electron lifetimes in most of the energy range being measured are longer than the FLT prediction, while the agreement to FLT gets better for the lower photon energy (hϭ1.63 eV). In contrast to the FLT prediction, the extrapolation of the ϪE i curve does not go to infinity when E i approaches the Fermi level as predicted by the FLT. More interestingly, there exists an anomalous feature with a much longer lifetime at about 1.6 eV above the Fermi level ͑3.6 eV above the top of 3d band͒.
We have examined in several ways the origin of the anomalous feature on the electron lifetime-energy dependence curve. The possibilities of intrinsic surface states, surface defect states, and alkali-metal adsorbate states were investigated by comparing the lifetime measurement results from Cs and K covered Cu͑100͒ and polycrystalline film surfaces, and the results are shown in the Fig. 2͑a͒ . These surface states tend to be strongly localized on the first few atomic layers and have very different electronic properties from those of the bulk. Therefore, one would expect that they will exhibit different relaxation behavior compared with bulk states. Inverse photoemission spectroscopy studies by Dudde and Reihl 17 show that adsorption induced surface states by alkali metals, such as K and Cs, are very different. These adsorbate states were observed at 0.6 and 1.1 eV above E F for K and Cs, respectively. Because our lifetime measurements of Cs/Cu͑100͒ and K/Cu show no difference within our experimental errors, the possibilities of alkalimetal adsorbate states for the observed feature can be excluded. This result also demonstrates that the effect of putting alkali metals on the copper surface is simply to lower its work function without interfering with the lifetime measurement. We also eliminated the possibilities of the intrinsic copper surface states and the surface defect states by comparing the lifetime measurements from the surfaces of single crystal Cu͑100͒ and polycrystalline thin films.
Image potential states are formed by an attractive force experienced by a charge outside of a polarizable surface due to the surface charge redistribution that the charged particle induces. Image state lifetimes have been measured on several metal surfaces with TR-TPPE and found to be in the ten to hundred femtosecond range.
1,2 The characteristic of image states are that their energy positions are pinned with respect to the vacuum level. Since the position of the anomalous feature is only determined by the photon energy in our experiment, it cannot be attributed to the image state.
The copper 3d electrons are strongly localized 13 and the top of the d band is at about 2.0 eV below the Fermi level. 3d electrons in copper exhibit very strong non-free-electronlike behavior. Therefore the FLT calculation based on the jellium model ͑free electron͒ will not be adequate in describing the relaxation processes when 3d electrons are excited. In order to test the hypothesis that the anomalous feature is from the excitation of copper 3d electrons, we performed the lifetime measurements on a Cs/Cu͑100͒ surface by using the fundamental infrared pulses of the Ti:sapphire laser. Unlike the pump-probe scans taken with doubled laser pulses, the Cu 3d electron are held unperturbed due to the smaller photon energy, which is 1.63 eV in this case. The results are shown in Fig. 2͑b͒ . The absence of the anomalous feature with the longer wavelength excitation confirms that this feature is originated from the photoexcitation of the 3d electrons.
An interesting result is that the peak position of the feature is about 0.2 eV more than one-photon energy above the copper 3d band; thus it cannot be reached by a direct onephoton transition of 3d electrons. Furthermore, we also find slight modifications of the feature with different photon energies. This feature is centered at about 1.6 eV above E F for 3.38 eV photons but is enhanced more at 1.3 eV above E F when using 3.0 eV photons. We interpret the anomalous feature due to the resonant excitonic states arising from the photoexcitation of strongly localized Cu 3d electrons. The strongly localized 3d holes generated by photoexcitation of 3d electrons can trap excited electrons through attractive Coulomb interaction. The spatial localization of the excited electrons reduces their chances to scatter with other electrons, resulting in longer lifetimes compared with the nonlocalized excited electrons.
The shorter measured lifetimes than FLT prediction at low-excited states can be understood in two ways. First, for the low-excited electrons very close to the E F , their lifetimes become very long. So other scattering mechanisms, such as electron-phonon scattering (e-p) and scattering with defects, become dominant in determining the excited electron lifetimes. In addition, these low-excited electrons have a very long inelastic mean-free path ͑MFP͒. The transport of these low-energy electrons with very long MFP out of the surface probe region could introduce additional relaxation channels.
There are several substantial differences between this study and the related work of Hertel et al. 5 on Cu͑111͒. First, in the work of Hertel et al., the optical Bloch equation, which considers only depletion of the initial photoexcited population, was used to calculate the electron lifetimes from each corresponding pump-probe data set. As a result, they can only rely on the fitting of the fast component in the decays to extract the lifetime. However, due to the 65 fs pulse width used in the experiment, their results are affected by the repopulation processes, which will result in the longer observed lifetimes for lower excited states very close to the E F . While in our data analysis, a model incorporating this repopulation process was developed to extract the electron lifetime from each pump-probe curve, which is more reliable. Second, the 3d electron related feature was not detected in their two-color pump-probe ͑2.23 and 4.45 eV͒ experiment. Since Cu 3d band lies 2 eV below the Fermi level, the resonant excitonic states generated by the pump photons ͑2.23 eV͒ should be at 0.23 eV above the E F , if they are present, which is lower than the lowest excited states that they can measure ͑0.3 eV above E F ͒. Even if the energy position of the states shift up, say by 0.2 eV as observed in our experiment, it will still stay very close to the Fermi level, about 0.4 eV above E F . Since the excited states with this energy possess much longer lifetimes than those of the 3d band related resonant excitonic states, it is not possible to detect the 3d band related feature in the lifetime measurements in their experiment. Thus, the results are not consistent given the different experimental conditions. The main distinction in the present paper is that the FLT is not capable of properly modeling the dynamics when the 3d electrons are excited. Further theoretical work is needed to quantitatively account for the role of 3d states in the electron relaxation processes in copper.
